The extracellular signal-regulated kinase (ERK) is a component of the mitogen-activated protein kinase cascade. Exon 2 of erk2 was deleted by homologous recombination and resulted in embryonic lethality at embryonic day 6.5. erk2 mutant embryos did not form mesoderm and showed increased apoptosis but comparable levels of BrdUrd incorporation, indicating a defect in differentiation. erk2 null embryonic stem (ES) cells exhibited reduced total ERK activity upon serum stimulation, augmented ERK1 phosphorylation, and decreased downstream p90Rsk phosphorylation and activity; yet ES cell proliferation was unaffected. Mutant ES cells were capable of forming mesoderm; however, treatment of mutant ES cells with the mitogen-activated protein kinase kinase inhibitor PD184352 decreased total ERK activity and expression of the mesodermal marker brachyury, suggesting that ERK1 can compensate for ERK2 in vitro. Normal embryos at embryonic day 6.5 expressed activated ERK1͞2 in the extraembryonic ectoderm, whereas erk2 mutant embryos had no detectable activated ERK1͞2 in this region, suggesting that activated ERK1 was not expressed, and therefore cannot compensate for loss of ERK2 in vivo. These data indicate that ERK2 plays an essential role in mesoderm differentiation during embryonic development.
T he extracellular signal-regulated kinase (ERK) mitogenactivated protein kinase (MAPK) cascade is a key signaling pathway controlling cell proliferation, differentiation, and apoptosis. Two members of this pathway, ERK1 and ERK2, share an overall 75% identity at the amino acid level and up to 90% identity at the C terminus (1) , present the same in vitro substrate specificity, and are ubiquitously expressed. The classic MAPK cascade involves sequential activation of the serine͞threonine kinase Raf, the dual-specificity MAPK kinase (MEK) and the MAPK ERK upon stimulation by growth factors, serum, or phorbol esters. Activated ERK phosphorylates numerous substrates on (S͞T) P sites in different cellular compartments (reviewed in ref. 2) , leading to increased nucleotide synthesis, activated transcription and translation, and enhanced cell cycle progression (reviewed in refs. 3 and 4) . It has been shown that the duration and strength of ERK activation can gate cells to antagonistic fates such as proliferation or differentiation (5), cell cycle entry or G 1 arrest (6), and apoptosis or survival (7, 8) . Thus, the ERK pathway must be tightly controlled to ensure proper outcome of such integrated biological responses.
The identification of the exclusive MEK1͞ERK1 scaffold protein MEK Partner 1 (MP1) indicates that ERK1 and ERK2 likely have different roles (9) . This view is supported by genetic ablation studies in mice. erk1-deficient mice are viable and fertile, but have defective thymocyte maturation (10) . These mice also have enhanced long-term memory and are able to up-regulate ERK2 signaling in response to glutamate (11) . These results suggest that ERK2 cannot compensate for all of the functions mediated by ERK1. ERK2 itself may also possess distinct biological functions in vivo.
To dissect ERK2 functions in vivo, we deleted exon 2 of the erk2 gene by homologous recombination in embryonic stem (ES) cells. The resulting erk2 mutants were embryonic lethal at embryonic day (E) 6.5. There was no evidence of mesoderm formation in mutant embryos. In concert with this finding, sustained activation of ERK was observed during a 5-day in vitro differentiation process of WT ES cells, and the inhibition of ERK activation by the MEK inhibitor PD184352 abolished expression of brachyury, a mesodermal marker. However, erk2Ϫ͞Ϫ ES cells without MEK inhibitor treatment were able to differentiate into mesodermal cells, indicating that although expressed at a lower level, ERK1 can compensate for the loss of ERK2 in vitro. Interestingly, erk2 mutant embryos incorporated BrdUrd, and erk2 null ES cells proliferated at a normal rate even after remaining phosphorylated ERK1 (p-ERK1) was depleted by treatment with PD184352, a finding consistent with previous observations (12) . Although previous pharmacological data has shown that ERK1 and ERK2 are important for cell proliferation in various cell types, our results indicated that ERK1 and ERK2 are dispensable for cell proliferation during early embryonic development and in ES cells.
backcrossed onto the BALB͞c strain. The Vertex Pharmaceutical Animal Care and Use Committee approved all animal protocols.
Northern Analysis of Mouse Embryonic and Adult Tissues. Mouse embryo and adult tissue blots were purchased from Clontech. Blots were hybridized according to the manufacturer's instructions. An erk2-specific probe of Ϸ500 bp was generated by digesting EST clone 709653 with NcoI and XhoI. After probing for erk2, the blots were stripped and hybridized with a ␤-actin probe (Clontech) for normalization.
Histologic and Immunohistochemical Analysis of Embryos. Embryos from erk2 heterozygous intercrosses were fixed overnight in 4% paraformaldehyde in PBS and processed (Leica tissue processor) through alcohols and embedded in paraffin. Sections of 5 m were cut (Leica RM2135), stained with hematoxylin and eosin, and examined by light microscopy. Alternatively, slides were incubated with antibodies against doubly phosphorylated ERK1͞2 (dp-ERK1͞2, 1:100, Cell Signaling Technology, Beverly, MA) or subjected to terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining (Serologicals, Clarkston, GA). Secondary reagents and substrate kits were purchased from Vector Laboratories and used according to the manufacturer's instructions.
CD-1 embryos were isolated at E6.5 and E.7.5 and fixed for whole-mount immunohistochemistry in 8% paraformaldehyde overnight at 4°C. Fixed embryos were stained for dp-ERK1͞2 according to the Rossant Lab protocol (www.mshri.on.ca͞ rossant͞protocols͞DpERK%20Immunohistochem.html). Secondary antibodies and ABC reagent were from the Vector Elite ABC peroxidase kit (Vector Laboratories).
BrdUrd Incorporation in Vivo. Female erk2 heterozygous mice that had been mated to heterozygous erk2 males were checked for the presence of a vaginal plug. Plug date was designated as E0.5. On E6.5, 100 mg͞kg of BrdUrd (Zymed) was injected s.c. and allowed to incubate for 2 h. After 2 h, mice were killed, and deciduae were collected and processed for immunohistochemistry with an anti-BrdUrd antibody (Zymed).
Differentiation of ES Cells and Growth
Curve. For all cultures, mouse embryonic fibroblast-free ES cells were used. For serum stimulation, ES cells were seeded onto gelatin-treated 60-mm plates at a density of 2 ϫ 10 6 per plate in ES cell medium. The next day, medium was removed, and cells were washed once with PBS and then fed with ES medium lacking serum. Twenty to 24 h later, cells were treated with ES medium containing 15% FBS. For MEK inhibitor treatment, PD184352 (Calbiochem) was added to serum-free ES medium at a final concentration of 5 M. ES cells were pretreated with inhibitor for 30 min before a change to ES cell medium with 15% serum and 5 M PD184352.
For mesodermal differentiation in a monolayer culture, 5 ϫ 10 4 cells [for basic fibroblast growth factor (bFGF) treatment] or 10 4 cells (for serum treatment) were seeded on 60-mm gelatincoated dishes in ES cell medium and incubated overnight for optimum attachment. To induce differentiation, cells were washed twice with chemically defined medium (CDM) (14, 15) and cultured in CDM͞5 ng/ml bFGF͞5 g/ml heparin with or without 1 or 5 M PD184352 or CDM͞10% FBS. Cell cultures were maintained for 5 days; media were changed on days 2, 3, and 4.
For the growth curve assay, 2 ϫ 10 4 cells were seeded in triplicate in 60-mm gelatin-coated plates in 4 ml of ES medium or ES medium with 5 M PD184352 and cultured overnight. Cell number was counted the next day, which was considered as day 0. Medium was changed, and cell numbers were counted daily from day 2 onward.
Western Blotting. Cells were harvested by scraping in ice-cold 1ϫ cell lysis buffer (Cell Signaling Technology) supplemented immediately before use with 1 mM PMSF. The cell suspension was then subjected to sonication (3 ϫ 5-sec bursts) followed by centrifugation at 14,000 rpm at 4°C for 15 min. The supernatants containing soluble proteins were collected and kept at Ϫ80°C until use.
For Western analysis, 20 g of protein was loaded on each well of a 10% Novex Tris-glycine polyacrylamide gel (Invitrogen) and subjected to electrophoresis at 120 V. Blotting to a nitrocellulose membrane was performed at 35 V for 1.5 h. The membrane was then blocked in TBST (10 mM Tris⅐HCl, pH 8.0͞150 mM NaCl͞0.1% Tween 20) supplemented with 5% dry milk for 1 h followed by incubation with a primary antibody at 4°C overnight with gentle rocking. The membrane was then washed 3 ϫ 10 min in TBST and incubated in the secondary antibody (1:3,000, Cell Signaling Technologies) for 1 h. After 3 ϫ 15-min washes, blots were developed in SuperSignal West Dura Extended Duration Substrate (Pierce) solution for 5 min, and images were captured with the Fluor-S MAX MultiImager System (Bio-Rad).
Immunoprecipitation and Kinase Assays. Cell lysates were prepared in 1ϫ cell lysis buffer. dp-ERK1͞2 antibody (Cell Signaling Technology) was used for the ERK1͞2 assay and anti-Rsk1 antibody (Upstate Biotechnology, Lake Placid, NY) was used for the p90Rsk kinase assay. Briefly, 4 g of each antibody was mixed with 200 g of cell lysate and incubated at 4°C overnight, followed by 1-h incubation with 20 l of 50% protein G agarose beads and precipitation. Pellets were washed three times in 1ϫ cell lysis buffer and twice in 1ϫ kinase buffer (Cell Signaling Technology) and then subjected to kinase reaction by using the p42͞44 MAP Assay Kit (Cell Signaling Technology) or the S6 Kinase Assay Kit (Upstate Biotechnology). QUANTITY ONE software (Bio-Rad) was used to quantitate the phospho-Elk1 signals on the Western blot from the ERK1͞2 kinase assay, and a liquid scintillation analyzer (Packard) was used to detect a labeled p90Rsk peptide substrate.
RT-PCR of erk2-Deficient Embryos and ES Lines. RNA was isolated by using the RNeasy mini kit (Qiagen, Chatsworth, CA) and treated with DNaseI (Invitrogen), and RT-PCR was performed with the One-Step RT-PCR kit (Invitrogen) according to the manufacturer's instructions. Gene-specific primers were as published (16) .
Results
To determine the role of ERK2 in vivo we deleted the region of erk2 that codes for the TEY activation motif by homologous recombination in ES cells (see Fig. 5 , which is published as supporting information on the PNAS web site, www.pnas.org). Two targeted ES lines were used for injection into C57BL͞6 or BALB͞c blastocysts to create chimeras. Both lines generated germ-line chimeras in BALB͞c mice and gave similar results. Heterozygous mice were viable, fertile, and phenotypically normal. However, no homozygous mice were recovered among the 181 mice genotyped. Thus, heterozygous mice were mated, and resulting embryos were examined at stages E6.5-E9.5. Approximately 25% of all of the embryos examined exhibited abnormal morphology and were negative for dp-ERK1͞2 (see Table 1 , which is published as supporting information on the PNAS web site). These presumptive mutant embryos were recovered up to E8.5, but were small and undergoing the process of resorption. In phenotypically normal embryos at E6.5, there was elongation of the egg cylinder, and gastrulation, the generation of the three embryonic germ layers, was clearly confirmed (Fig. 1A) . In contrast, erk2 presumptive mutant embryos were small, and there was no evidence of mesoderm formation at E6.5 (Fig. 1B) . Visceral endoderm was present, overlying the embryonic ecto-derm. By E7.5, gastrulation had occurred in normal embryos and the egg cylinder had elongated (Fig. 1C) . At this stage, erk2 presumptive mutant embryos slightly increased in size and their epiblasts appeared disorganized (Fig. 1D) . At E8.5, normal embryos had turned and somite and cardiac development was evident (Fig. 1E) . erk2 presumptive mutant embryos at E8.5 were disorganized and there was no evidence of differentiation (Fig.  1F) . By E9.5, erk2 presumptive mutants were almost completely resorbed. Consistent with the morphological analysis of erk2 presumptive mutants, RT-PCR analysis of embryonic RNA isolated at E7.5 revealed that expression of the mesodermal marker brachyury and the transforming growth factor type ␤ family member nodal, was present in WT, but not detected in erk2 mutant embryos (data not shown). Northern blot analysis with specific probes for erk1 and erk2 revealed that transcripts for both genes were present at all WT embryonic stages (E7, E11, E15, and E17) examined (see Fig. 6 , which is published as supporting information on the PNAS web site). Subsequent whole-mount immunohistochemistry using an antibody against activated, dp-ERK1͞2 identified a zone of expression in the extraembryonic ectoderm overlying the epiblast at E6.5 (see Fig.  7 , which is published as supporting information on the PNAS web site). Expression was also seen in the chorion and parts of the ectoplacental cone. To confirm and examine this staining pattern more closely, paraffin-embedded sections of E6.5 and E7.5 embryos were stained with the antibody against dp-ERK1͞2. The zone of expression seen in the extraembryonic ectoderm was also seen in sectioned embryos ( Fig. 2A) . By E7.5, expression of dp-ERK1͞2 was restricted to parts of the chorion and ectoplacental cone (data not shown). In addition, occasional cells or the entire epiblast were stained faintly for dp-ERK1͞2. However, erk2 mutant embryos at E6.5 had no detectable activation of dp-ERK1͞2 (Fig. 2B) , suggesting that dp-ERK2 predominates in the embryo at the time of gastrulation.
The embryonic phenotype seen in erk2 mutant embryos could be caused by a defect in either proliferation or differentiation. To examine potential differences in embryonic proliferation, BrdUrd incorporation into erk2 mutant embryos was assessed by s.c. injection of BrdUrd into pregnant (E6.5 and E7.5) erk2 heterozygous mice. Labeling of embryonic cells was determined by immunohistochemical staining of sectioned embryos with an antibody against BrdUrd. Our results showed that presumptive Immunohistochemical analysis of normal and mutant embryos. Activated, dp-ERK1͞2 immunohistochemistry of E6.5 phenotypically normal (A) and presumptive mutant (B) embryos. Phenotypically normal embryo has strong dp-ERK1͞2 staining in a zone of expression in the proximal extraembryonic ectoderm, whereas presumptive mutant embryo does not have this extraembryonic expression. BrdUrd labeling of E7.5 phenotypically normal (C) and presumptive mutant (D) embryos. Both embryos show incorporation of BrdUrd. TUNEL analysis of phenotypically normal (E) and presumptive mutant (F) E7.5 embryos. High levels of TUNEL staining are present in mutant embryo (F) whereas very low levels of TUNEL staining are found in a phenotypically normal embryo (E). Propidium iodide-counterstained phenotypically normal (G) and presumptive mutant (H) embryos at E7.5. * denotes either ϩ or Ϫ for 
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erk2 mutant and phenotypically normal embryos both incorporated BrdUrd at similar levels, suggesting that there was not a defect in embryonic proliferation ( Fig. 2 C and D) . Next, we examined apoptosis by performing TUNEL staining of sectioned erk2 presumptive mutant and phenotypically normal embryos ( Fig. 2 E and F) . Embryos were counterstained with propidium iodide (Fig. 2 G and H) . In contrast to phenotypically normal embryos that showed very low levels or no apoptosis, presumptive erk2 mutants stained intensely, suggesting that their decreased size could be attributed to an increase in cell death, possibly because of lack of proper mesoderm induction, a differentiation defect. To further characterize the differentiation defect in erk2 mutant embryos, we deleted exon 2 of the remaining WT erk2 locus in heterozygous ES lines by using a targeting construct containing the hygromycin resistance gene (see Fig. 5 ). Two homozygous mutant ES lines were generated and used for in vitro analysis. Both null ES lines showed similar characteristics; hence, results for one of the null lines, line 364, are described as representative. Homozygous mutant (line 364), heterozygous (line 365), and WT (TC1) ES cell lines were cultured in the absence of serum overnight and then stimulated with 15% serum for 15 min. Total cell lysates were examined by Western analysis for total ERK1͞2 and dp-ERK1͞2. The mutant ES line, 364, did not have any detectable ERK2 protein (Fig. 3A) , and all serumstarved cells had very low levels of dp-ERK1͞2. Upon serum stimulation in WT ES cells, both dp-ERK1 and dp-ERK2 were up-regulated, with dp-ERK2 being predominant. As expected, the homozygous mutant ES line did not induce dp-ERK2. However, dp-ERK1 levels in these mutant cells were increased compared with WT and heterozygous ES lines (Fig. 3A) . Functional analysis of ERK was conducted by performing an ERK assay. Both serum-stimulated TC1 WT and 365 heterozygous ES cells displayed 4-to 5-fold increased ERK activity when compared with serum-starved ES lines (Fig. 3B) . In contrast, line 364 had a baseline level of ERK activity, attributed to ERK1, which was only marginally increased upon serum stimulation. p90Rsk (Rsk1) is a well known downstream substrate for ERKs. Upon serum stimulation, phosphorylation of p90Rsk at Ser-369 (corresponding to Ser-380 of human p90Rsk) was detected in all ES lines examined (Fig. 3A) . However, induction of p90Rsk phosphorylation was greatly reduced in the mutant ES cells. A functional analysis, with an in vitro kinase assay, showed a significant increase in p90Rsk kinase activity both in the TC1 and 365 lines upon serum stimulation and a negligible effect in the mutant line (Fig. 3C ) over a baseline level of p90Rsk kinase activity. Treatment with the MEK inhibitor PD184352 abolished serum-stimulated dp-ERK1͞2 and activity of ERKs and further reduced the basal level of p90Rsk phosphorylation and kinase activity, indicating that in the null ES cell line the augmented ERK1 activity is responsible for the baseline pRsk90 activity. Interestingly, there was no difference in the rate of cell proliferation between WT, heterozygous, and null erk2 ES lines when cells were cultured on gelatinized dishes for 8 days (Fig. 3D) . Moreover, the MEK inhibitor did not change the kinetics of ES cell growth. Taken together, these results suggest that ERK activity is not essential for proliferation of progenitor cells in early embryonic development.
Mesodermal differentiation, as measured by expression of brachyury, has been shown in ES cells differentiated for 5 days in CDM supplemented with growth factors, such as bFGF, or serum (14) . To assess ERK activation and its signaling during in vitro differentiation, WT (TC1) and erk2 null (364) ES cells were maintained as undifferentiated and exponentially growing or were differentiated for 5 days in CDM with serum or bFGF in the presence or absence of PD184352. Lysates were prepared, and total cellular protein was subjected to Western analysis of ERK, p90Rsk, and pIB␣ (Fig. 4A) . As a control, we examined the phosphorylation of IB␣ on Ser-32 that was equally induced in all lines upon differentiation. In the WT ES cell line, phosphorylation of ERK was induced upon differentiation in the presence of bFGF or serum (Fig. 4A) , suggesting a role of ERK in ES cell differentiation. PD184352 inhibited p-ERK induction in a dose-dependent manner in TC1 ES cells grown in CDM supplemented with serum. TC1 ES cells grown in CDM supplemented with bFGF did not survive when treated with 5 M PD184352; however, these cells did survive in 1 M PD184352 and induction of p-ERK was inhibited (Fig. 4A) . In 364 ES cells, a similar effect on p-ERK induction was observed except that, as expected, p-ERK2 was not present. Interestingly, levels of p-ERK1 in the 364 ES line were consistently higher than p-ERK1 levels in TC1 ES cells, suggesting a compensatory up-regulation of p-ERK1 in response to the loss of p-ERK2.
To investigate ERK signaling in TC1 and 364 ES cells under these differentiation conditions, phosphorylation of p90Rsk at Ser-369 was examined. There was a tight correlation between levels of p-Rsk and p-ERK in both ES cell lines (Fig. 4A) . p-Rsk levels were induced significantly upon differentiation in both bFGF and serum containing media. The results shown in Fig. 4A strongly suggested that normal ERK signaling could be maintained in the absence of ERK2 during ES cell differentiation.
In a parallel experiment, we differentiated TC1 or 364 ES cells in CDM in the presence of serum to examine expression of a mesodermal marker. After 5 days of differentiation, RNA was isolated from cultures and RT-PCR was performed by using primers for brachyury, erk2, or the housekeeping marker L7. Both WT and mutant ES lines expressed brachyury, suggesting that erk2 mutant ES lines can differentiate into mesoderm in vitro (Fig. 4B) . Because erk2 mutant ES cells still express ERK1, and ERK1 is phosphorylated in these cells in response to serum or differentiation in vitro (Figs. 3A and 4A) , it is possible that ERK1 compensates for the loss of ERK2 and transduces signals necessary for mesoderm induction. To eliminate the potential compensation by ERK1 in vitro, mutant ES cells were cultured in the presence of PD184352. PD184352 treatment significantly reduced the amount of phosphorylated ERK in the TC1 and 364 ES cells (Figs. 3A and 4A ) and the amount of brachyury mRNA expressed (Fig. 4B) . When 364 mutant ES cultures were differentiated in the presence of serum and PD184352, brachyury was barely detectable (Fig. 4B) . Interestingly, the treatment of erk2 null ES cells with 1 or 5 M PD184352 in CDM supplemented with serum resulted in maintenance of a morphologically undifferentiated ES cell phenotype (data not shown). These data are consistent with previous reports indicating that ERK1 compensates for ERK2 in ES cells in vitro and underscore the role of ERK in mesoderm differentiation.
Discussion
The classical MAPK cascade is an essential component of the well characterized FGF signaling pathway for induction of mesoderm in Xenopus embryos. Xenopus explants treated with FGF activate MAPK and the downstream factor p90Rsk (17) , and this activation is necessary for induction of mesoderm as shown by expression of mesodermal markers such as Xenopus brachyury (Xbra). In addition, expression of MAPK phosphatase can suppress FGF-induced mesoderm induction (18) . Activation of MAPK can also be achieved by constitutively expressing the FGF receptor 1 in explants (19) . Conversely, expression of a dominant negative FGF receptor 1 in Xenopus explants and embryos causes defects in gastrulation (20) and inhibits expression of mesodermal markers such as Xbra (21) .
The role of MAPK in embryonic proliferation and gastrulation has not been previously studied in mammals. However, knockouts of other ERK pathway members have been performed that have suggested that the MAPK pathway may play a role in mesoderm induction at the time of gastrulation. Serum response factor (SRF), a downstream substrate of p90Rsk, has been targeted by homologous recombination in ES cells (22, 23) . SRF mutant embryos die at E6.0 and exhibit decreased proliferation, increased apoptosis, and an inability to form mesoderm (22) . When the differentiation of srf null ES cells was examined in vitro, the mutant cells were not able to form mesoderm under most conditions. Treatment of srf null ES cells with retinoic acid allows for a delayed, yet decreased expression of mesodermal markers such as brachyury (23) . The described phenotype of ERK2-deficient embryos is very similar to that of embryos lacking SRF. SRF is a MADS box-containing transcription factor activated by phosphorylation. MAPKapk-2, CaM kinase II, and p90Rsk rather than MAPKs are shown to directly phosphorylate SRF (24 -26) . Given dramatically reduced p90Rsk phosphorylation and activity in ERK2-deficient ES cells, especially upon stimulation, it is reasonable to think that erk2 null embryos have low p90Rsk activity, resulting in diminished SRF transcriptional activity. Collectively, these data strongly suggest a role for the MAPK pathway in mesoderm differentiation during gastrulation in the mouse embryo.
Here, we show that targeted disruption of the erk2 gene results in embryonic lethality at the time of gastrulation caused by a defect in mesodermal differentiation and an increase in apoptosis without affecting proliferation of the epiblast cell population. Mutant ES cells deficient in ERK2 have impaired ERK signaling as shown by reduced levels of activated p90Rsk, but are still capable of mesoderm differentiation in vitro because of residual ERK1 activity. Treatment with the MEK inhibitor PD184352 further reduces ERK activity and results in a lack of mesodermal marker expression. However, ERK1 is not able to rescue the early embryonic phenotype because it is not activated in the mutant embryos (Fig. 2B) . It has been previously reported that mice deficient in ERK1 have no obvious developmental defect except thymocyte maturation (10) . Although ERK2 is clearly phosphorylated upon anti-CD3 plus phorbol 12-myristate 13-acetate stimulation, proliferation of thymocytes is decreased by 60-70% compared with normal thymocytes, indicating that ERK2 is not able to compensate for the deficiency of ERK1 activity. One explanation for the difference could be the existence of specific scaffold molecules linking ERK1 or ERK2 to distinct sets of downstream substrates. For example, the scaffold protein MP1 only binds to ERK1 and MEK1 and can enhance activation of ERK1 and a reporter driven by the transcription factor Elk1 (9) . Perhaps ERK2 is the only MAPK connected to upstream activators and downstream regulators by a yetunidentified scaffold molecule during mesoderm induction.
Taken together, our data underscore the importance of the classical MAPK pathway in mesoderm induction in mammalian development. Although MAPKs, especially ERK1 and ERK2, are implicated in regulating cell cycle progression, our results indicate that ERK activity is dispensable for proliferation of the stem cell (epiblast) population in embryos and ES cells. It is important to note that those pluripotent stem cells exhibit distinct characteristics in cell cycle, which may be attributed to the dispensability of ERK activity. For example, ES cells have a very short G 1 phase (Ϸ1.5 h) and virtually little hypophosphorylated retinoblastoma protein (27) . In addition, SRF and related MADS box transcription factors primarily regulated by MAPKs have been implicated in transcriptional regulation of genes expressed in postmitotic cells undergoing differentiation (28) . Thus, ERK activity is more important for regulation of genes related to differentiation than to proliferation during early development. The identification and characterization of an ERK2-specific scaffold molecule and the generation of conditional knockout mice for ERK2 would shed more light on physiological roles of ERK2 in mammalian development after gastrulation and potential etiological roles of ERK2 in diseases such as cancer.
